We present details on the formation and optical peroperties of CdTe nanowires, which were found to grow in a standard phosphate-buffered solution, including micro-photoluminescence and fluorescence lifetime imaging.
INTRODUCTION
The steady scaling down of the size of electronic devices in modern integrated circuits demands new approaches in fabrication of interconnects capable of efficiently guiding electromagnetic energy on the nanometer scale. It is now becoming widely appreciated that the chemical synthesis of nanoscale circuits could offer real advantages in terms of both device density and processing cost 1 . Over the past several years, considerable advances have been made toward the synthesis of colloidal semiconductor nanorods and nanowires with diameters sufficiently small to produce a quantum confinement of charge carriers [2] [3] [4] . Such confinement permits free-electron behaviour in only one direction, along the length of the wire and therefore improved electronic transport can be achieved compared to that of semiconductor quantum dots. Unique structure and optical and electrical properties of these one-dimensional (1D) nanostrucures make them the key building blocks for a new generation of nanoelectronics, sensors, and nanophotonic devices.
A number of direct synthetic methods towards nanowires of controlled composition, uniform thickness and variable aspect ratios have been developed, including the use of hard (alumina membrane) 5 and soft (rod-like micelle) 6 templates, seed-mediated growth in solution [7] [8] and the catalyst-mediated phase separation approach based on point-initiated uniaxial growth of the crystal 7, 9 .
An alternative approach to obtain nanowires makes use of assembly of pre-formed nanoparticles from colloidal suspensions 4, [10] [11] . Recently, Kotov and co-authors 4 have shown the possibility of spontaneous organization of semiconductor nanocrystals (NCs) into crystalline nanowires during a several day aging process, promoted by removal of stabilizer ligands through an intermediate methanol washing step. Among others, water-soluble thiol-capped CdTe nanocrystals were demonstrated to be are ideal building blocks self-assembling into micrometer-long nanowires through dipole-dipole interactions promoted by partial removal of stabilizer ligands 4, 12 . In this paper we summarize our data on fast self-assembly of CdTe nanocrystals into nanowires in phosphate buffer solutions, and report on the optical properties of CdTe nanowire networks. 
EXPERIMENTAL
CdTe NCs -building blocks for the nanowires -were synthesized in aqueous solution using thioglycolic acid as stabilizer following the previously reported approach 12 .
Post-preparative size-selective precipitation 12 was applied to the crude solution of NCs to remove the non-reacted species and separate the strongly emitting fractions of NCs with narrow size distribution (photoluminescence quantum yield of 20-25%). The selected fractions were dissolved in water providing stock solutions of CdTe NCs with concentration of 0.01 mM.
CdTe nanowires were obtained by addition of the stock solution of CdTe NCs in to the standard physiological phosphate-buffered solution (PBS) at pH 7.2. Typically, 1 µl of aqueous CdTe NC solution was put on a glass slide. Depending upon the density of NWs required, 1-20 µl of PBS buffer solution was put onto the NC drop.
Fluorescent images were acquired with a Nikon Eclipse TE2000-U inverted microscope with a 100× oil immersion lens and epifluorescence attachment. Image acquisition and analysis were performed with a 100× oil objective lens using a Perkin-Elmer UltraView LCI laser confocal workstation powered by a Kr/Ar laser. Fluorescence excitation and emission filter combinations were: Ex488/10nm, Em525/50nm and Ex568/10nm, Em600/45nm for the green-and red-emitting nanowires, respectively.
PL spectra of nanowires were measured using a RENISHAW micro-PL/Raman system equipped with a microscope objective (×100), a notch and plasma filters and a CCD camera. An Ar + laser (wavelength λ = 488 nm) was used in the micro-PL measurements. PL decays were measured using time-correlated single-photon counting (Time-Harp, PicoQuant). The samples were excited by using 480 nm picosecond pulses generated by using a PicoQuant, LDH-480 laser head controlled by a PDL-800B driver. The setup was operated at a 20 MHz repetition rate with an overall time resolution of ca. 350 ps. Fluorescence lifetime images were collected with the FLIM system (Microtime200 timeresolved confocal microscope system, PicoQuant) equipped with an Olympus IX71 inverted microscope. Lifetime maps were calculated on a pixel-by-pixel basis by fitting the lifetime of each pixel to the logarithm of the intensity. The FLIM system response was negligible compared with typical lifetimes of the quantum wires (ca. 2-5 ns). Figure 1 shows a typical confocal image of several nanowires assembled from the red-emitting (3.5 nm size) CdTe NCs. Formation of nanowires starts in solution close to the edge of the droplet upon evaporation of water which takes ~ 20 minutes; further growth proceeds quickly, on the time scale of minutes, leading to formation of nanowire network, which covers the support. The PL spectrum of a nanowire network on glass substrate is presented in Figure 2 in comparison with spectrum taken from original solution of nanocrystals. The luminescence maximum of the CdTe nanowires is red-shifted by 8 nm. PL decay curve for network of nanowires show strong (more then 7 times) decrease in luminescence lifetime (τ 1/e ) as compared with solution of nanocrystals. Both these experimental findings point towards a decrease of the electronic confinement in these 1D objects. The recorded decay curve for nanowires show multi-exponential recombination kinetics: both two-and three-exponential decay models failed to provide a satisfactory fit to the decay data. The observed multiexponential decay kinetics are consistent with a PL model that includes multiple emission pathways and is indicative of a broad lifetime distribution caused by the corresponding distribution of defect or trap states due to thinning or partial removal of the stabilizer coating on the nanocrystals. Considering nanowires as a nano-heterogeneous system, the PL decays can be best understood by a model of continuous distributions of decay times. 13 In this case fitting procedures cannot distinguish sufficiently between, for example, a single Gaussian distribution of lifetimes and the sum of two exponentials, or a bimodal Gaussian distribution and the sum of at least three exponentials.
RESULTS AND DISCUSSION
14 Therefore, to gain a better insight into the spatial distribution of lifetimes, the PL dynamics were evaluated using fluorescence lifetime imaging microscopy (FLIM), that is, maps of two-dimensional in-plane variations of the PL decay times. The two-band structure shown in Figure 3b implies that at least two different mechanisms are involved in the decay processes. A distribution of decay times causing non-exponential decays in II-VI NCs has been generally discussed in terms of a variation in the non-radiative decay rates caused by trap states. 13, [15] [16] [17] In the case of nanowires, the PL decay kinetics may also be affected by resonance energy transfer between different parts of a single nanowire or between different nanowires forming the network. Indeed, observed structure of lifetime distribution is slightly altered in going from one nanowire to another. Figure 4a shows a FLIM image of a single isolated CdTe nanowire. Both components observed in the lifetime histogram (Figure 4c ) are shifted as compared to data presented in Figure 3b , displaying a first peak centered at 1.2 ns and the second one with center at 4.7 ns. It is noteworthy that both peaks are much more narrow now with estimated values of FWHM equal to 0.6 ns (first peak) and 3.7 ns (second peak). Corresponding PL decay measured from the whole nanowire shows pronounced non-exponential kinetics (Figure 4b ) with a time constant τ 1/e = 1.5 ns, implying nanoheterogeneous recombination dynamics. To monitor the quality of fabricated nanowires, we have studied the micro-PL spectra obtained for different positions of the exciting laser spot along the selected nanowire (Figure 4d ). It turned out that position of PL maximum shifts less then 3 nm over a scanning distance of 14 µm, although the corresponding PL intensity depends on excitation position. (Figure 4a 
CONCLUSIONS
In conclusion, we have shown a simple and fast approach for growing luminescent CdTe nanowires in phosphate buffer solution, and have followed the growth with confocal microscopy, micro-PL spectroscopy and FLIM imaging. The structural integrity of nanowires in standard buffer solutions and the stability of their luminescence properties make them attractive objects for future biological and/or biomedical experiments, most of which require the use of liquid phase conditions and rely on intactness of the utilized structures (here -nanowires) at physiological concentrations of salts and inorganic ions. The bright fluorescent signal emitted by nanowires enables them to be readily traceable in biological systems (e.g. cell and tissue culture) with currently available imaging equipment. The relative resistance to mechanical manipulations and substantial achievable length (what is it?) opens up a challenging perspective of using the nanowires as extended scaffolds for multimeric bio-molecular assembly. Last but not the least, the possibility of inducing nanowire formation at ambient temperatures could represent a factor of significant benefit in the systems employing larger molecular weight organic biologically active molecules and peptides subject to heat-induced denaturation or degradation.
ACKNOWLEDGEMENTS
This work was supported by Science Foundation Ireland under its CRANN Research Centre, Project PR23.
